The 5 noncoding regions of the genomes of picornaviruses form a complex structure that directs capindependent initiation of translation. This structure has been termed the internal ribosome entry site (IRES). The efficiency of translation initiation was shown, in vitro, to be influenced by the binding of cellular factors to the IRES. Hence, we hypothesized that the IRES might control picornavirus tropism. In order to test this possibility, we made a bicistronic construct in which translation of the luciferase gene is controlled by the IRES of Theiler's murine encephalomyelitis virus. In vitro, we observed that the IRES functions in various cell types and in macrophages, irrespective of their activation state. In vivo, we observed that the IRES is functional in different tissues of transgenic mice. Thus, it seems that the IRES is not an essential determinant of Theiler's virus tropism. On the other hand, the age of the mouse could be critical for IRES function. Indeed, the IRES was found to be more efficient in young mice. Picornavirus IRESs are becoming popular tools in transgenesis technology, since they allow the expression of two genes from the same transcription unit. Our results show that the Theiler's virus IRES is functional in cells of different origins and that it is thus a broad-spectrum tool. The possible age dependency of the IRES function, however, could be a drawback for gene expression in adult mice.
Translation of the majority of cellular RNAs is according to the scanning model proposed by Kozak (24) . The first steps of this process involve interaction of the eIF-4F initiation factor with the m 7 G cap at the 5Ј extremity of the mRNA, unwinding of surrounding secondary structures and subsequent formation of the 48S preinitiation complex, and scanning to an initiation codon. Picornaviruses are small, positive-stranded RNA viruses that encode a unique polyprotein that yields 11 or 12 mature proteins after proteolytic cleavage (38) . The genomic RNAs of these viruses are uncapped, and their 5Ј noncoding (NC) regions are usually long and structured and contain several AUG triplets. These features are incompatible with a scanning model for translation. Instead, the genomes of picornaviruses as well as certain other viral and a few cellular RNAs are translated by direct attachment of ribosome subunits to an internal ribosome entry site (IRES) inside the 5Ј NC region of the RNA (18) (19) (20) 31) . Picornavirus IRESs vary in length and have been predicted, by computer folding and biochemical probing, to be organized in a complex series of stems and loops. The picornavirus family can be divided into two main groups based on the nucleotide sequences and proposed secondary structures of their IRESs. The first group includes enteroviruses and rhinoviruses (33, 42) , and the second group includes cardioviruses and aphthoviruses (11, 23, 32) . The hepatitis A virus IRES is predicted to form a third type of structure with some similarity to that of cardio-and aphthoviruses (8) . In vitro translation assays also revealed functional differences of the IRESs of these groups. First, the 3Ј border of the IRES element of entero-and rhinoviruses is up to 150 bases upstream from the initiation codon, whereas the 3Ј terminus of the cardio-and aphthovirus IRES element is adjacent to the initiation codon. Second, the genomes of the first group are translated inefficiently and inaccurately in rabbit reticulocyte lysates unless HeLa cell extracts are added to the lysate (27) . This is not the case for members of the cardio-and aphthovirus group.
Cellular proteins do bind to IRES sequences, and some of them were shown to be essential for IRES activity in vitro (3-5, 16, 21, 27) . In view of the requirement of cellular factors for IRES activity, we hypothesized that the IRES might function in a tissue-specific fashion, thereby participating in the tropism of the virus. Several studies support this hypothesis. For instance, the main determinant involved in neurovirulence attenuation of the Sabin vaccine strain of poliovirus was mapped to the IRES (1) . Translation driven from the IRESs of attenuated strains in vitro was shown to be specifically inhibited in cell lines of neuronal origin (15) . In agreement with this finding, a recent report demonstrated that poliovirus neuropathogenicity in a mouse model was eliminated when the IRES of this virus was replaced by the IRES of a rhinovirus (14) . Finally, translation from the IRES of hepatitis A virus in vitro was found to be stimulated 12-fold when fresh liver extracts were added to the assay mixture (13) .
In this work, we analyzed mice that are transgenic for a bicistronic construct, where the second cistron is under the control of the Theiler's murine encephalomyelitis virus (Theiler's virus) IRES. This virus is a member of the Cardiovirus genus and has a pronounced tropism for the central nervous system (CNS) of the mouse (25, 44, 45) . Thus, comparison of the IRES efficiencies in nervous system and other tissues might indicate whether this element participates in the determination of Theiler's virus tropism. Another aspect of our research was to investigate whether an IRES could function in a bicistronic context in mice. The idea of using an IRES for combining the expression of several proteins in vivo is not without precedent. Two groups have reported that a bicistronic construct with the IRES of encephalomyocarditis virus (EMCV) works stably in mouse embryos (12, 22) .
In this study, we showed that the Theiler's virus IRES functions in a bicistronic context in newborn and adult mice. Activity of the IRES was detected in all tissues examined. However, expression of the cistron under IRES control decreased with the age of the mouse, which could indicate an age dependency of the IRES function.
MATERIALS AND METHODS
Analysis of infected mice. Groups of nine 3-week old female FVB/N mice were anesthetized and then inoculated with 10 5 PFU of the DA1 virus (26) . Intracerebral inoculations were performed by injecting 40 l of virus suspension into the right hemisphere. For intraperitoneal and oral (intragastric) inoculations, 250 l of virus suspension was used. Groups of three mice infected by the different routes were sacrificed at 1, 3, or 6 weeks postinfection (p.i.). The heart, lungs, liver, spleen, esophagus (from tongue up to the stomach), mesenteries (including pancreas), kidneys, muscle, brain, spinal cord, and intestine were rapidly collected and homogenized in solution D (4 M guanidine thiocyanate, 25 mM sodium citrate [pH 7], 0.5% N-lauroylsarcosine, 0.1 M ␤-mercaptoethanol), and RNA was extracted as described by Chomczynski and Sacchi (10) . The quality of RNA preparations was tested by gel electrophoresis. The presence of the virus in different tissues was monitored by reverse transcription-PCR (RT-PCR) under the conditions summarized in Table 1 and subsequent Southern blotting. As a control for cDNA synthesis, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was amplified.
Production and breeding of transgenic mice. A 9-kb NotI DNA fragment carrying the P HMGCR -CAT-IRES-LUCIFERASE-(A)n construct ( Fig. 1 ) was microinjected into fertilized FVB/N eggs. Transgenic mice were raised in airfiltered cages. Litter, acid water, chow, and cages were sterilized and changed weekly. Screening of transgenic mice was done by isolation of tail DNA and PCRs with the primer pairs TM27-TM28 and TM4-TM195 (Table 1) .
Analysis of transgenic mice. Mice were sacrificed at the ages of 1 day, 1 week, 3 weeks, or more than 3 months (adult mice). For adult mice, the heart, lungs, liver, spleen, esophagus (from tongue up to stomach), stomach, mesenteries (including pancreas), kidneys, large intestine, muscle, brain, spinal cord, small intestine, and testis (for males) were collected. For 3-week-old mice, the esophagus and mesenteries were not dissected. For 1-week-old mice, the esophagus, mesenteries, and muscle were excluded, the brain and spinal cord were combined, and the small intestine and large intestine were combined. For 1-day-old mice, the spleen, esophagus, mesenteries, and muscle were excluded. Again, the brain and spinal cord were combined, as were the small intestine and large intestine. Tissues from transgenic mice were homogenized in luciferase lysis buffer (Luciferase Reporter Gene Assay; Boehringer Mannheim) to allow for measurement of the luciferase (Luc) and chloramphenicol acetyltransferase (CAT) proteins. Part of this lysate was rapidly added to solution D for RNA isolation. This method allows protein and RNA to be measured from the same sample but has the disadvantage that the RNA quality can vary. To obtain high-quality RNA preparations, tissues were ground to a powder in liquid nitrogen, and part of this powder was directly homogenized in the solution for RNA extraction (solution D) or protein measurements (luciferase lysis buffer). Because this technique is much more demanding, we limited our study to the hearts, lungs, livers, kidneys, and brains of three young and three adult mice. The quality and quantity of total RNA extracted from the tissues of transgenic mice were controlled by gel electrophoresis. Five hundred nanograms to 5 g of RNA was then treated with 20 U of FPLC-pure DNase I (Pharmacia Biotech) in 150 l of 40 mM Tris-HCl (pH 7.5)-6 mM MgCl 2 with 37 U of RNase inhibitor (HPRI; Amersham Life Science). DNase I digestion was followed by phenol-chloroform extraction and ethanol precipitation. The amount of bicistronic mRNA was then measured by comparative RT-PCR. As a control for cDNA synthesis, ␤-actin and/or GAPDH was amplified. Samples for which these controls were poorly amplified were discarded from the study. A single reagent mixture was used for the RT and PCRs of samples analyzed in parallel. For the IRES-tropism experiments, the tissues of a single mouse were treated in parallel. The experimental conditions (e.g., number of PCR cycles) were adapted from mouse to mouse to overcome individual differences in transgene expression in order to ensure detection and avoid PCR saturation. Therefore, the data should be considered per mouse and not between different mice. For the IRES-age experiments, the tissues of mice of different ages were processed in parallel.
RT. cDNA synthesis was for 2 h at 42°C with avian myeloblastosis virus reverse transcriptase (U.S. Biochemicals), after priming with random hexamers at a final concentration of 76 g/ml [pd(N)6; Pharmacia Biotech].
PCR. Reactions were performed in a final volume of 25 l with 2 l of cDNA, each primer at 250 nM, 50 to 100 M deoxyribonucleoside triphosphates (Pharmacia Biotech), 0.5 U of Dynazyme II (Finnzymes OY) or 1.25 U of Taq polymerase (Qiagen), and the buffer supplied with the enzyme. For controls, PCRs were regularly done without cDNA and with noninfected or nontransgenic tissues. The efficiency of DNase I treatment was controlled by PCR amplification of samples without prior cDNA synthesis, regularly for IRES-tropism experiments and systematically for the IRES-age and IRES-tropism studies including liquid nitrogen treatment. The PCR conditions are summarized in Table 1 .
Protein quantification. Tissues from transgenic mice were homogenized in luciferase lysis buffer (homogenized samples were kept on ice during the dissection of the other tissues) or ground to a powder in liquid nitrogen and then lysed in the same buffer. After a brief centrifugation for clarification, 20 l of the sample was tested for Luc activity with a luminometer (Lumac Biocounter M 2000). Quantification of the protein concentration in the different samples was done by the Bradford method, and Luc activity was then calculated for 500 g of total protein. For CAT measurement, a CAT enzyme-linked immunosorbent assay (CAT ELISA; Boehringer Mannheim) was used. In order to improve the sensitivity of the test, 150 g of protein was tested, samples were incubated for 2 h in the antibody-coated wells, and the enhancer supplied in the kit was added at the revealing step.
Northern blotting. Polyadenylated RNA was isolated from various tissues of transgenic mice (QuickPrep Micro; Pharmacia Biotech). Samples were resuspended in one-third volume of H 2 O and two-thirds volume of sample buffer (1.25ϫ MOPS [morpholinepropanesulfonic acid] buffer [20ϫ MOPS is 0.4 M MOPS free acid {pH 7}, 0.1 M sodium acetate, and 20 mM EDTA], 8.3% formaldehyde, 62.2% deionized formamide, 825 g of bromophenol blue per ml 7.8 g of ethidium bromide per ml). Samples were then denatured at 55°C for 10 min and run on a 1.2% agarose-37% formaldehyde gel for 6 h at 100 V before being transferred to a positively charged membrane (Porablot NY plus; Macherey-Nagel) with 10ϫ SSC (SSC 20ϫ is 3 M NaCl plus 0.3 M sodium citrate). The membrane was dried and then UV irradiated for 3 min. Prehybridization took place in 7% sodium dodecyl sulfate-0.5 M phosphate buffer (pH 7.4) for 5 to 6 h at 55°C. The membrane was hybridized overnight at 55°C in the same buffer with a 1,605-bp Luc probe labeled with 32 P by random priming (Ready To Go; Pharmacia). The membrane was washed four times for 20 min each at 55°C in 1% sodium dodecyl sulfate-40 mM phosphate buffer (pH 7.4) and exposed. The membrane was hybridized a second time with a 32 P-labeled probe corresponding to nucleotides 81 to 1838 of ␤-actin. a For each pair of primers, the first is sense and the second is antisense. The sequences of the primers are as follows: TM4, TTCCCTCCATCGCGACGTGGT; TM27, TCCGGATCCACCATGGAGAAAAAAATCACTGGA; TM28, ATCGATATCTTACGCCCCGCCCTGCCA; TM87, ATGGATGACGATATCGCTGC; TM88, GCTGGAAGGTGGACAGTGAG; TM92, TGGCGCTTTTGACTCAGGAT; TM93, AGCCCTGGCTGCCTCAAC; TM132, GTGCCATAGTAGCAAAAGCA; TM178, CCATGGAGAAGGCTGGGG; TM179, CAAAGTTGTCATGGATGACC; and TM195, CCGCTGCCTTTGTGTGGTCGC.
Southern blotting. PvuII-digested tail DNA of transgenic mice or PCR-amplified DNA from infected or transgenic mice was run on agarose gels and then transferred, with 0.4 M NaOH, to a positively charged membrane (Porablot NY plus; Macherey-Nagel). The next steps were the same as those described for Northern blotting except that hybridization and washes were done at 65°C. For detection of the virus genome in infected mice, the probe consisted of the complete DA1 cDNA labeled with 32 P. For detection of bicistronic mRNA in transgenic mice, the probe consisted of a 918-bp SmaI-Asp718 fragment of the DA1 5Ј NC region (bp 12 to 930). The ␤-actin probe was the same as the one described for Northern blotting. For transgenic DNA digested with PvuII, the probe consisted of the complete pCJ9 plasmid.
RESULTS
Neurotropism of Theiler's virus in FVB/N mice. The mice used in this study for transgenic production were of the FVB/N strain (43) . These mice were chosen because they are inbred and their H-2 q haplotype renders them highly susceptible to Theiler's virus (9, 36) . We first verified that the tropism of the virus in these mice was restricted mainly to the CNS as reported for other mouse strains (25, 44, 45) . Twenty-seven female, 3-week-old mice were inoculated by either the oral, intraperitoneal, or intracerebral route with 10 5 PFU of the DA1 strain of Theiler's virus. At 1, 3, and 6 weeks p.i., groups of three mice inoculated by the different routes were sacrificed and 11 different tissues were collected from each mouse. The presence of the virus in each of these tissues was assessed by RT-PCR for nine mice (one mouse at each time point, inoculated by each route). For the remaining 18 mice (2 mice at each time point, inoculated by each route), virus was tested in tissues having shown a positive signal in previous studies: the heart, esophagus, brain, and spinal cord. The PCR products were identified by Southern blotting with a probe specific for DA1 cDNA. As shown in Fig. 2 and Table 2 , Theiler's virus is almost exclusively neurotropic. Indeed, all mice inoculated intracerebrally showed a strong signal in the CNS. After intraperitoneal inoculation, one mouse showed a signal in the spinal cord and brain. After oral inoculation, one mouse showed a low signal in the spinal cord. Apart from the heart, where a low signal was also detected in a few mice, all of the other tissues tested were consistently negative for viral RNA, as they were in one uninfected FVB/N mouse (data not shown).
Construction of a bicistronic vector and analysis of IRES activity in vitro. The bicistronic vector pCJ9 (Fig. 1 ) was constructed as a tool for investigating the activity of the Theiler's virus IRES in vivo. The 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR) promoter was chosen since it has been shown to be active in a large variety of tissues in transgenic mice, including the CNS (28) . The 5Ј NC region of Theiler's virus was inserted between the cat and luc reporter genes. In vitro studies have shown that the first 500 nucleotides of the Theiler's virus 5Ј NC region are not necessary for efficient IRES activity in vitro (2). However, since neighboring regions might influence the conformation and/or function of the IRES (17), we chose to include the entire 5Ј NC region in the construct. Furthermore, the first five codons of the L viral protein, directly following the IRES, were fused to the Luc gene to maintain the structure of the IRES around the initiation codon. The activity of the IRES in the pCJ9 construct can be evaluated from the ratio of the Luc and CAT activities or from the ratio of the Luc activity to the amount of bicistronic mRNA. A second bicistronic construct (pCJ12) (Fig. 1) , in which the IRES is deleted, was also constructed in order to ensure that the expression of Luc from pCJ9 is due to IRES activity and not to splicing or ribosome readthrough. As expected, transfection of the pCJ9 and pCJ12 vectors in BHK-21 cells revealed 34 times less Luc expression from pCJ12 than from pCJ9 after normalization of CAT levels (Fig. 1 ).
Theiler's virus infection was reported to be restricted in certain cell lines (37) . In order to determine if the IRES participates in this restriction, we transfected cell lines of different origins and species with the pCJ9 construct. IRES-mediated translation appeared to be proficient in all cell types tested (data not shown).
We also examined the possibility that the activation state of a cell could influence the activity of the IRES. The P388-D1 macrophage cell line, stably cotransfected with the pCJ9 and pZeoSV plasmids, was activated with lipopolysaccharide (10 (28) . The cat gene was amplified by PCR with primers that introduced BamHI and EcoRV sites at its 5Ј and 3Ј extremities, respectively. The luc gene was also amplified by PCR. An HpaI restriction site was introduced four codons downstream from its 5Ј extremity, and a SalI site was introduced at its 3Ј extremity. For the IRES-L fragment, the IRES from plasmid pTMDA (26) was digested at its 5Ј extremity by SmaI at the restriction site at position 12. An HpaI restriction site was inserted by site-directed mutagenesis in the L protein, four codons downstream from the initiator AUG. The IRES-L fragment was fused at its 5Ј extremity to the cat gene by the EcoRV/SmaI junction and at its 3Ј extremity to the luc gene by the HpaI/HpaI junction. For the pCJ12 vector, the IRES was deleted from the beginning to the Asp718 restriction site at position 930 in pTMDA. The cat gene was thus fused to the deleted IRES by the EcoRV/Asp718 junction, after filling in of the latter site with the Klenow enzyme. Restriction enzyme sites: EV, EcoRV; Sm, SmaI; Ba, BamHI; Hp, HpaI; Sa, SalI; As, Asp718. The minor splice donor sites are represented by the small triangles. SV40, simian virus 40. (B) The pCJ9 and pCJ12 vectors were transfected into the BHK-21 cell line, and expression of the Luc and CAT proteins was measured (in arbitrary units). Luc expression was normalized for equivalent amounts of CAT.
g of Escherichia coli lipopolysaccharide per ml). These cells were clearly activated as demonstrated by measurements of tumor necrosis factor alpha. In spite of this activation, no significant change in the activity of the IRES could be detected (data not shown).
Production of P HMGCR -CAT-IRES-LUCIFERASE-(A)ntransgenic mice.
Three female founder mice, transgenic for the P HMGCR -CAT-IRES-LUC-(A)n construct, were obtained and named Cathy, Lucy, and Therese. Mice derived from the three lineages expressed the transgene, although the level was low.
FIG. 2. Detection of Theiler's virus in the tissues of FVB/N mice inoculated by different routes.
The presence of the virus was detected by comparative RT-PCR followed by Southern blotting in 11 different tissues of nine mice (one mouse for each time point and inoculation route). Lanes: 1, heart; 2, lungs; 3, liver; 4, spleen; 5, esophagus; 6, mesenteries; 7, kidneys; 8, muscle; 9, brain; 10, spinal cord; 11, intestine. Data for four tissues of 18 additional mice are presented in Table 2 . (Note that mice 12, 14, and 17 correspond to mice 3, 5, and 8 for the intraperitoneal route in Table 2 , and mice 21, 22, and 26 correspond to mice 3, 4, and 8 for the intracerebral route in Table 2 Oral
The presence of the virus in four different tissues of 27 mice (9 mice for each age group and inoculation route) was detected by RT-PCR followed by Southern blotting.
b Ϫ, no signal; ϩ, very weak signal; ϩϩ, low signal; ϩϩϩ, average signal; ϩϩϩϩ, strong signal.
The founder mice Therese and Lucy had better expression profiles than the Cathy founder mouse and were thus retained for further study. Extraction of DNA from the tails of F 1 Therese mice and digestion with the restriction enzyme PvuII revealed bands of the expected sizes by Southern blot analysis (Fig. 3) . We also performed a Northern blot analysis of mRNAs from several tissues of Therese mice. A major transcript of 3.4 kb was detected in the testis (Fig. 4) . This confirmed that the bicistronic CAT-IRES-Luc transcript was of the expected size and that no truncated Luc transcripts were present. Due to low transcription levels, no bands were detected in the other tissues. Accordingly, expression of the CAT protein was not detected except in the testes of males. Expression of the Luc protein, on the other hand, could be detected in most tissues, since luminometry tests are about 100 times more sensitive than CAT measurements. The activity of the IRES was therefore estimated from the ratio of Luc activity to the amount of bicistronic mRNA. Although we systematically tested the IRES activity in the testis, these results were not taken into account because expression of the transgene in this tissue was completely out of the range of that for other tissues. Activity of the IRES in different tissues. We compared the Luc activity to the expression of the bicistronic mRNA transcript in different tissues of the transgenic mice. For each mouse, between 8 and 14 tissues were collected and assayed for CAT (data not shown) and Luc expression. The amount of bicistronic mRNA in these samples was estimated by comparative RT-PCR. GAPDH and/or ␤-actin was amplified from the various cDNA samples to check the efficiency of RT. Samples for which GAPDH or ␤-actin was poorly amplified were discarded from the analysis. Two Therese mice and 3 Lucy mice that were 1 day, 1 week, 3 weeks, and more than 3 months old were tested (a total of 206 tissues). Figure 5 shows representative data for 1-day-, 1-week-, 3-week-, and Ͼ3-month-old Therese mice.
For 1-day-and 1-week-old Therese mice, Luc expression was generally high in the brain and spinal cord, average in the heart, liver, stomach, and kidneys, and very low in the lungs, intestines, and spleen. Expression of the bicistronic mRNA transcript was consistently detected in the CNS. For a few mice, other tissues expressing reasonable amounts of Luc were also positive for the bicistronic mRNA transcript. For 3-weekold and adult Therese mice, GAPDH was reproducibly amplified from five or six tissues (heart, liver, kidneys, brain, intestines, and spinal cord). Transcription and translation of the bicistronic construct were observed only in the CNS and kidneys.
For Lucy mice we also observed a fairly good correlation between Luc activity and mRNA expression, but the results were more variable than those for the Therese lineage. Nevertheless, the IRES activity did not appear to stand out for one particular tissue.
Thus, for mice that were 1 day or 1 week old, our results suggest that there is no tissue specificity of the IRES. For adult mice, we cannot draw a conclusion, since the CNS and kidneys were the only tissues where transcription of the bicistronic construct could be measured.
In order to confirm these results and to get a better quantification of the IRES activity, we tested a second batch of 1-week-old and adult mice (a total of six Lucy mice). RNA was extracted from liquid-nitrogen-processed tissues in order to obtain higher-quality RNA preparations. This technique was much more demanding, so only five tissues per mouse were treated. It did, however, have the advantage of allowing low transcription levels in adult mice to be detected. As shown in Fig. 6 , Luc activity clearly paralleled RNA levels. The IRES activity, calculated from the ratio of Luc activity to the amount of bicistronic mRNA (bicistronic mRNA was normalized to the amount of ␤-actin RNA), hardly varied (maximum of twoto threefold). The only exception was the liver, which on several occasions showed low Luc expression despite having average bicistronic mRNA levels, suggesting poor IRES function in this particular tissue.
IRES activity in relation to the age of the mouse. We reproducibly observed that expression of the Luc protein strongly decreased with the age of the mouse. In order to test if this could be due to a decrease in IRES activity, we compared Luc activity to the amount of bicistronic mRNA between tissues from mice of different ages processed in parallel. The tissues selected for this study were the brain and kidneys for the Therese lineage and the heart and brain for the Lucy lineage. We chose tissues that showed sufficient expression of the transgene and gave RNA of consistent and good quality. Total RNAs and proteins were extracted from homogenized tissues of groups of three mice that were 1 day, 1 week, 3 weeks, or more than 3 months old. Luc activity was calculated for 500 g of total protein, and RNA was subjected to comparative RT-PCR after adjustment of RNA amounts on agarose gels. Figure 7 shows that for mice of the Lucy lineage, expression of the Luc protein diminishes sharply between mice that are 1 day and more than 3 months old. The quantity of the bicistronic mRNA transcript, on the other hand, is stable or increases with the age of the mouse. For mice of the Therese lineage, the quantity of bicistronic mRNA is more variable from mouse to mouse. Nevertheless, calculation of IRES activity from the ratio of Luc activity to the amount of bicistronic mRNA confirms the results obtained with the Lucy lineage in that the important drop in Luc expression could be due to a change in the activity of the IRES. We should, however, point out that the ratio of the total amount of protein to the total amount of RNA was found to increase 1.5-to 4-fold for an adult mouse compared to a 1-day-old mouse (data not shown). Nevertheless, even if this correction factor is taken into account, the difference in IRES activity between 1-day-old and adult mice is still a minimum of sixfold.
DISCUSSION
We studied the tropism of Theiler's virus in the mouse strain used to produce the transgenic mice. This allowed us to relate the results of the activity of the IRES in the transgenic mice to the replication of the virus in different tissues. As expected, Theiler's virus was highly neurotropic. Indeed, there was much more viral RNA in the CNS than in any other tissue, even after oral or intraperitoneal inoculation. Surprisingly, though, no virus was found in the digestive tract, even though this virus was reported to naturally infect the intestine of its host. This could be due to the presence of RT-PCR inhibitors in that specific tissue, which would lower the detection efficiency. On the other hand, the number of infected cells might be very low and might have gone undetected in the context of the whole intestine. It is possible that the DA1 virus strain has a decreased ability to infect the intestine because it was adapted to grow in cell culture. It is clear, though, that this strain is not completely degenerated, since the virus reached the CNS in one of nine mice after either intragastric or intraperitoneal inoculation.
For several reasons, analysis of the IRES activity in vivo proved to be arduous. First and mainly, the transcription level of the bicistronic construct was low. Hence, RNA quantification had to be done by comparative RT-PCR instead of dot blot hybridization. By this method, quantification is difficult, especially in view of the variation due to the difference in the quality of RNA samples from various tissues. However, in spite of this variation, consistent results were obtained from many samples and from mice derived from two transgenic lineages. Second, one cannot exclude the possibility that the turnover of the Luc protein and RNA transcripts could vary from tissue to tissue or in tissues of different ages. The conclusions of this study thus await confirmation from future studies performed with other reporter genes. To our knowledge, this is the first study to investigate IRES-driven tissue specificity in newborn and adult transgenic mice.
We hypothesized that the IRES might participate in determining Theiler's virus tropism. Apparently, this is not the case; even if one takes into account the fact that our results are only semiquantitative, there certainly is not sufficient variation in IRES activity between the CNS and other tissues to explain the near-exclusive neurotropism of the virus. These results are in agreement with those of Kim et al. (22) , who demonstrated that ␤-galactosidase under the control of the EMCV IRES is expressed throughout the bodies of transgenic mouse embryos. Accordingly, all of the cellular factors that have been found to control IRES function in vitro turned out to be ubiquitous factors. For poliovirus, the picture seems to be different. Introduction of mutations in the IRES region of this virus was accompanied by a clear decrease in neurovirulence for mice but not for monkeys, even though a wild-type IRES is active in both species (41) . Could there be a host specificity but not a tissue specificity of the IRES? It is not unheard of that host factors involved in IRES translation could vary between species. On the other hand, by exchanging the poliovirus IRES with the IRESs of other picornaviruses, Gromeier et al. concluded that the neurotropism of poliovirus is partly controlled by its IRES (14) . In vitro, the IRESs of entero-and rhinoviruses (type I) were shown to be extremely inefficient in certain cell types and required the presence of viral proteins for proper function in those cells (7, 34) . On the other hand, the IRESs of cardio-and aphthoviruses (type II) directed internal initiation efficiently in a large variety of cell lines (7). We observed no major effect of the Theiler's virus IRES (type II) in the determination of the virus tropism in vivo, although slight variations in IRES activity could easily have gone undetected due to the technical limitations of our study. The apparently conflicting conclusions of the poliovirus study and of our study might indicate that in vivo also, type II IRESs function in a more ubiquitous manner than type I IRESs.
In comparison to the studies performed with poliovirus, our work with the bicistronic model is slightly artificial, since it does not take into account the possible direct or indirect modulation of the IRES activity by viral infection. However, our transgenic model offers the advantage of clearly uncoupling the translation and replication functions of the IRES. Indeed, replication signals have been mapped to the IRES (6, 40) , which implies that studies involving recombinant viruses do not discriminate between a translation or replication effect of the IRES.
A second aspect of the IRES function studied in vivo was its variability with the age of the mouse. For three different tissues and two distinct founder transgenic mouse lines, we observed that the activity of the IRES decreased when mice grew older. The expression of ␤-galactosidase under the control of the EMCV IRES was also found to diminish with the age of mouse embryos (22) . The authors of that research, however, did not distinguish between a translation and a transcription effect. Interestingly, expression of the polypyrimidine tract binding protein, which is thought to participate in IRES function, was reported to be higher in fetal than in adult mouse tissues (30) . Mice that are 1 day or 1 week old die rapidly after infection by Theiler's virus (35) . At 3 weeks old, animals survive the infection and the virus persists. Older animals generally manage to clear this virus. It is evident that host factors such as the immune response or the permeability of the blood-brain barrier are the main elements that determine the different outcomes of infection in young and adult mice. It is possible, though, that the virulence of Theiler's virus is equally modulated by certain viral factors, like IRES activity.
In recent years, expression vectors containing picornavirus IRESs have become popular. The advantages of IRES sequences in gene targeting and generation of polycistronic transcripts are indisputable (29) . However, several questions concerning the function of an IRES in vivo and even in vitro remain to be answered. In vitro, we observed that the IRES functions in cell lines of different origins and species but also in cells in different activation states (39) . In vivo, we tested whether the function of the IRES could be tissue specific or age dependent. As discussed above, IRES activity seemed to be ubiquitous in mouse tissues. This is, of course, essential if IRES sequences are to be considered useful tools for polycistronic expression vectors, although a tissue specificity of the IRES would have been interesting for targeting gene expression. On the other hand, the fact that the activity of the IRES could be decreased in adult mice would be a drawback for gene expression in vivo. Further studies will be required to confirm these preliminary results and to investigate other important issues such as IRES function at the cellular level or in humans in regard to gene therapy.
